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Abstract
An enantioselective total synthesis of (+)-cassiol is reported. The complex derived from
Pd2(pmdba)3 and enantiopure t-BuPHOX ligand catalyzes enantioconvergent decarboxylative
alkylation to generate the quaternary carbon stereocenter at an early stage. The overall synthetic
strategy involves a convergent late-stage coupling of two fragments. The synthesis features a longest
linear sequence of eight steps.
In 1988, Fukaya reported the isolation of (−)-cassioside (2) (Figure 1) from the stem bark of
Cinnamonum cassia Blume.1 This glycosylated sesquiterpenoid exhibited potent
antiulcerogenic activity in rats. The aglycon of (−)-cassioside, (+)-cassiol (1), demonstrated
even stronger antiulcerogenic activity than observed with the glycosylated precursor. Given
this useful biological property, (+)-cassiol (1) has attracted a great deal of attention from
synthetic laboratories.2 Herein, we report an expedient enantioselective synthesis of (+)-cassiol
with a longest linear sequence of eight steps.
A principal challenge to the synthesis of (+)-cassiol (1) is the presence of an all-carbon
quaternary stereocenter.3 Several total syntheses of cassiol have been reported; however, most
have relied on chiral pool starting materials, or chiral auxiliaries.4,5 Few of these syntheses
addressed the challenge of catalytic enantioselective quaternary carbon stereocenter
generation. For example, successful catalytic enantioselective approaches have utilized Diels–
Alder,6 intramolecular alkylidine insertion,7 and enzymatic8 reactions to form the quaternary
carbon. We envisioned a different strategy9 wherein the key quaternary stereocenter would be
installed through an enantioselective Pd-catalyzed allylic alkylation method recently
developed in our laboratories.10 Our plan consisted of coupling two complex pieces (3 and
5, Scheme 1) in the final step of the synthesis through a Stork–Danheiser-type addition/
rearrangement reaction.11 Precursors 3 and 5 would in turn be available from known
vinylogous thioester 412 and primary alcohol 6,13 respectively.
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Our synthesis commenced with the deprotonation of vinylogous thioester 4 with LDA and
acylation of the resulting enolate with allyl chloroformate (Scheme 2). Subsequent position-
selective alkylation with iodomethane provided racemic β-ketoester 7 in 78% overall yield
from 4. In the presence of the catalyst complex derived from Pd2(pmdba)3 and (R)-t-BuPHOX
(8),14 β-ketoester (±)-7 was readily transformed into allyl ketone (−)-9 in good yield and
excellent enantiomeric excess.12a Isomerization of the terminal alkene occurred upon
exposure to catalytic PdCl2(CH3CN)2 in hot benzene, resulting in quantitative recovery of an
inseparable 13:1 mixture of E-alkene 10 and starting material 9.
In order to convert the propenyl sidechain of 10 into a hydroxymethylene unit, we sought to
carry out an oxidative olefin cleavage reaction. This transformation, however, proved
challenging. Competing oxidative reactions of the thioester moiety appeared to occur rapidly
under ozonolysis conditions. Modified Lemieux–Johnson conditions (OsO4, NaIO4, 2,6-
lutidine, dioxane/water)15 were also investigated, but led to a complex mixture of products
lacking the desired compound. Both Upjohn dihydroxylation (OsO4, NMO, acetone)16 and
Sharpless asymmetric dihydroxylation conditions (AD-mix-α or AD-mix-β, t-BuOH/H2O)
17 resulted in slow and only partial conversion to the desired diol product.
Confronted by these difficulties, we considered possible opportumities to improve reactivity
for our system. We wished to take advantage of the well-precedented rate-acceleration of amine
additives in osmium-catalyzed dihydroxylation reactions,18 but we were reasoned that the
bulky chiral ligands employed in the Sharpless protocol might hamper reactivity toward our
sterically encumbered, enantiomerically enriched olefin. Warren, Wyatt, and coworkers had
found DABCO to be a convenient achiral ligand for non-enantioselective dihydroxylations,
19 and we reasoned that the smaller steric size of this ligand might improve the rate of oxidation
in our system. This proved to be the case, and dihydroxylation proceeded smoothly with no
evidence of undesired vinylogous thioester oxidation.20 Immediate exposure of the crude diol
to Pb(OAc)4 furnished pure aldehyde (−)-11 in 70% overall yield for the two oxidative
transformations.
Treatment of aldehyde (−)-11 with NaBH4 or NaBH(OAc)3 resulted in rapid reduction of both
carbonyl groups present in the substrate. Fortunately, use of the bulkier reducing agent Li(O-
t-Bu)3AlH circumvented the problem of overreduction and provided the desired alcohol
(−)-3 in good yield. Chiral HPLC analysis of (−)-3 indicated that no significant erosion of
enantiomeric purity had occured over the course of these steps.
Turning our attention to the synthesis of vinyl iodide 5, we prepared alcohol 6 in four known
steps from diethyl malonate.13 Catalytic oxidation of alcohol 6 to the corresponding aldehyde
was accomplished with TEMPO and PhI(OAc)2 as the stoichiometric co-oxidant (Scheme 3).
21 Takai olefination22 of the crude aldehyde to stereoselectively introduce the alkene
functionality yielded vinyl iodide 5 in a 5:1 E/Z ratio.
In the final step of the synthesis, lithium-halogen exchange of vinyl iodide 5 (2 equiv) through
exposure to t-BuLi (4.25 equiv) in diethyl ether furnished vinyllithium 13. Addition of a
solution of alcohol (−)-3 (1 equiv) to the solution of organolithium 13 and subsequent acid-
catalyzed rearrangement and hydrolysis yielded (+)-cassiol (1).7 The spectroscopic data (1H
NMR, 13C NMR, IR, HRMS, optical rotation) were identical to the reported data for natural
1.
In summary, we report a brief and convergent total synthesis of the antiulcerogenic natural
product (+)-cassiol. Our route requires eight linear steps from vinylogous ester 4 and proceeds
in 12% overall yield. Employing our recently developed enolate alkylation technology, the key
quaternary carbon stereocenter was generated at an early stage. The versatile reactivity of the
allyl group enabled installation of the hydroxymethylene unit present in the natural product
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through chemoselective oxidation and reduction reactions. Late-stage installation of the diol
sidechain via Stork–Danheiser-type addition/rearrangement completed the synthesis. Other
synthetic efforts featuring enantioselective enolate functionalization reactions are underway.
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Figure 1.
(+)-Cassiol (1) and (−)-cassioside (2).
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Scheme 1.
Retrosynthetic analysis of (+)-cassiol (1).
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Scheme 2.
Enantioselective synthesis of alcohol (−)-3.a
apmdba = bis(4-methoxybenzylidene)acetone; DABCO = 1,4-diazabicyclo[2.2.2]octane.
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Scheme 3.
Synthesis of vinyl iodide 5.a
aTEMPO = 2,2,6,6-Tetramethyl-piperidin-1-oxyl
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Scheme 4.
Preparation of (+)-cassiol (1).
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